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Tactile-evoked responseNeuroimaging studies have shown that the visual cortex of visually impaired humans is active during tac-
tile tasks. We sought to determine if this cross-modal activation in the primary visual cortex is correlated
with vision loss in individuals with retinitis pigmentosa (RP), an inherited degenerative photoreceptor
disease that progressively diminishes vision later in life. RP and sighted subjects completed three tactile
tasks: a symmetry discrimination task, a Braille-dot counting task, and a sandpaper roughness discrim-
ination task. We measured tactile-evoked blood oxygenation level dependent (BOLD) responses using
functional magnetic resonance imaging (fMRI). For each subject, we quantiﬁed the cortical extent of
the tactile-evoked response by the proportion of modulated voxels within the primary visual cortex
(V1) and its strength by the mean absolute modulation amplitude of the modulated voxels. We charac-
terized vision loss in terms of visual acuity and the areal proportion of V1 that corresponds to the pre-
served visual ﬁeld. Visual acuity and proportion of the preserved visual ﬁeld both had a highly
signiﬁcant effect on the cortical extent of the V1 BOLD response to tactile stimulation, while visual acuity
also had a signiﬁcant effect on the strength of the V1 response. These effects of vision loss on cross-modal
responses were reliable despite high inter-subject variability. Controlling for task-evoked responses in
the primary somatosensory cortex (S1) across subjects further strengthened the effects of vision loss
on cross-model responses in V1. We propose that such cross-modal responses in V1 and other visual
areas may be used as a cortically localized biomarker to account for individual differences in visual per-
formance following sight recovery treatments.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The human visual cortex responds to vision loss in remarkable
ways. Even in adults, cross-modal responses develop in partially-
sighted individuals, where their visual cortex becomes active dur-
ing non-visual tasks. Characterizing these responses can provide us
with a cortically localized biomarker for vision loss, which may be
useful for assessing sight restoration treatments. Since it is proba-
ble that cross-modal plasticity will have a negative impact on an
individual’s ability to adapt to vision restoration (Lee et al.,2001), understanding the relationship between vision loss and
cross-modal responses may help us predict how an individual will
respond to treatment.
Cross-modal activations have been described in early and late-
blind groups (Amedi et al., 2003, 2010; Buchel et al., 1998; Burton,
2003; Cheung et al., 2009; Merabet et al., 2007; Ptito et al., 2005;
Sadato et al., 1996, 2004; Sathian, 2005). However, variability
among individuals and correlations between severity of vision loss
and amount of cross-modal responses is poorly understood. Tactile
discrimination studies of blind have shown increased activation of
occipital areas when compared to their sighted counterparts
(Amedi et al., 2010; Cheung et al., 2009). Sadato et al. (1996)
described activation of the primary and secondary visual cortical
areas in early-blind subjects during a Braille reading task, and
deactivation of those regions in a sighted control group. A similar
pattern of tactile-evoked visual cortex activation was observed in
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reversed within 24 h of removing the blindfold (Merabet et al.,
2008). The presence of these occipital tactile-evoked activations
is well-established, but the cause is in dispute (Burton, 2003;
Merabet et al., 2008; Pascual-Leone & Hamilton, 2001; Smirnakis
et al., 2007; Wandell & Smirnakis, 2009). Nevertheless, tactile-
evoked response in visual cortex may still be valuable as a corti-
cally localizable physiological marker for assessing the effect of
vision loss on V1. For such applications, cross-modal responses
should correlate with vision loss, and the effect size should be lar-
ger than the individual variation of cross-modal responses in the
normally-sighted population.
The state of V1 and other visual areas after vision loss can affect
the efﬁcacy of sight recovery treatment. The outcome of sight res-
toration procedures (such as implantation with a retinal prosthe-
sis) often varies for reasons that are not fully understood
(Humayun et al., 2012). Ocular imaging can measure the position
of a prosthesis in the eye and psychophysics can record patient
perceptions during stimulation, but no direct measures of brain
activity are available. Functional imaging of cross-modal responses
may provide part of the critical data that could account for the
individual differences to treatment. For example, a decrease in tac-
tile-evoked responses in the part of V1 that corresponds retinotop-
ically to the implant would suggest that V1 is effectively driven by
the signals evoked by the retinal stimulation. Conversely, undimin-
ished tactile-evoked responses in V1 may indicate less effective
stimulation. Similar analysis may be applied to other visual areas,
provided these areas can be sufﬁciently localized in a blind subject
(Benson et al., 2012; Henriksson et al., 2012).
In this study, we took the ﬁrst step toward these goals. We
sought to determine if a basic relationship exists between severity
of vision loss and the extent and strength of tactile-evoked V1
responses in late-blind individuals with retinitis pigmentosa
(Hamel, 2006). We used three simple tactile experiments to elicit
a strong cross-modal response in primary visual cortex and found
that the cross-modal response is signiﬁcantly linked to degrees of
vision loss across individuals with retinitis pigmentosa (RP), a fam-
ily of inherited degenerative photoreceptor disorders that has been
a target for several experimental sight-recovery treatments.2. Materials and methods
2.1. Participants
Eighteen subjects participated in the study (9 sighted individu-
als and 9 individuals diagnosed with retinitis pigmentosa) having a
mean ± SD age of 45.11 ± 13.78 years (range: 21–67 years); sighted
control subjects were sex-matched and had a similar age range
(24–66 years) to the RP subjects (21–67 years, Table 1). Five addi-
tional individuals with RP were also enrolled in the study but were
excluded from our data analysis for the following reasons: two
subjects were unable to perform the speciﬁed tasks correctly; a
third subject was removed from the scanner after he exhibited
claustrophobic symptoms; a fourth subject had posture restric-
tions that forced the use of a larger single-channel circular-polari-
zation coil in place of our typical multi-channel coil, resulting in
poor data quality; and a ﬁfth subject was excluded from all analy-
ses after we were unable to obtain consistent visual ﬁeld measure-
ments. Individuals were recruited from the community and
received monetary compensation for their participation. The study
received approval from the University of Southern California’s Uni-
versity Park Campus Institutional Review Board and all subjects
provided written informed consent after explanation of the nature
and possible consequences of the study. MRI experiments were
conducted at the USC David and Dana Dornsife Cognitive Neurosci-ence Imaging Center, while additional visual acuity and Goldmann
visual ﬁeld measurements were obtained by ophthalmologists and
study staff at the USC Doheny Vision Research Center. This
research followed the tenets of the Declaration of Helsinki.
All RP subjects were diagnosed with a typical form of retinitis
pigmentosa, in which degradation of photoreceptors leads to vary-
ing degrees of peripheral vision loss. Diagnosis of RP was con-
ﬁrmed by each individual’s primary ophthalmologist and
additional information regarding the individuals’ vision was
obtained from their most recent medical records after receiving
HIPAA authorization from the subjects. Subject RP8 (female, age
51) also had untreated cataract in her left eye, while subjects
RP2 (male, age 52), RP5 (male, age 58) and RP6 (female, age 57)
underwent successful cataract removal surgery prior to participat-
ing in the study. Following informed consent, the visual ﬁeld of all
RP subjects were measured during a Goldmann visual ﬁeld exam-
ination (except subject RP6 whose visual ﬁeld information was
obtained from her recent medical records). Four RP subjects com-
pleted visual acuity exams on-site, while visual acuity information
for the other ﬁve RP subjects was obtained from their recent med-
ical records. RP subjects with minimal light perception only (whose
visual acuity could not be measured) were assigned a visual acuity
of 20/20,000 (LogMAR = 3) for analysis purposes.
The RP group was divided into ‘‘Low Vision’’ (n = 5) and ‘‘Blind’’
(n = 4) subgroups. Those in the ‘‘Blind’’ subgroup were subjects
whose visual acuity was worse than 20/200 (LogMAR = 1), a deﬁni-
tion of legally blind. All remaining RP subjects were placed in the
‘‘Low Vision’’ subgroup.
2.2. Experimental stimuli and tasks
Both sighted and RP groups completed the same three tactile
tasks in the following order: (1) a shapes task requiring subjects
to determine if any of a series of raised-line shapes was bilaterally
symmetric, (2) a Braille-dot counting task in which subjects
counted the number of dots in a series of random Braille letters
(subjects were not asked to read the letters), and (3) a sandpaper
task requiring individuals to determine the relative roughness
between a strip of sandpaper and the sandpaper disc surrounding
it (Fig. 2D). Each subject was given a sheet composed of 4 columns
and 5 rows of tactile elements spaced approximately 25 mm apart,
for a total of 20 tactile elements per sheet. Each sheet was attached
to a plastic clipboard and handed to the subject by the experi-
menter before each functional scan, after which the subject placed
his/her dominant hand in a ‘‘ready position’’ on the bottom left-
hand corner of the sheet until the task began. Subjects RP2 and
RP4 were ambidextrous and chose to use their right and left hand,
respectively, to complete the tasks. Subjects completed two sheets
for each task, where the second sheet consisted of the same tactile
elements as the ﬁrst in a rearranged order. Design of the shapes
and Braille elements were based on a tactile stimuli setup used
by Cheung et al. (2009) during tactile experiments in one low-
vision subject.
The tasks were performed in a block design paradigm, in which
individuals scanned a column during active blocks and rested their
ﬁngers in the empty space between columns during rest blocks.
Each run was composed of four 20s active blocks (one active block
per column) and ﬁve 20s rest blocks. These blocks were inter-
leaved, with the run starting and ending on a rest block. Two runs
were completed for each task, with each run lasting a total of 180s.
Subjects were given 4s per tactile element (for a total of 20s per
active block/column) for determining symmetry, number of dots,
or relative roughness and were instructed to either explore the tac-
tile elements or rest between columns. We chose to use these sim-
ple tasks due to challenges associated with test subjects learning
difﬁcult tasks.
Table 1
Normally sighted subjects S1–S9 served as sighted, sex-matched control subjects for RP subjects RP1–RP9. LP = light perception only. Subjects RP2 and RP4 (described as having a
R/L handedness) were ambidextrous and chose to use their right and left hand, respectively, to complete the tasks.
Subject
ID
Age,
sex
Visual
acuity
Years since onset of
symptoms
Can subject read
braille?
Handedness
(R/L)
Diagnosis Additional description of vision
RP1 41, F LP 22 Yes R RP Light perception only
RP2 52, M 20/60 46 No R/L RP Partial tunnel vision; cataract removal from both eyes
RP3 67, M LP 24 No R RP Light perception only
RP4 43, M 20/800 38 Yes R/L RP Partial tunnel vision in right eye
RP5 58, M 3/200 23 No R RP Cataract removal from both eyes
RP6 57, F 20/50 32 Yes R RP Cataract removal from both eyes
RP7 24, F 20/25 11 No L RP Partial tunnel vision
RP8 51, F 20/40 44 No R RP Loss of peripheral vision, night blindness, blurred
vision in right eye
RP9 21, M 20/20 1 No L RP Beginning loss of peripheral vision and some night
blindness
S1 M, 53 20/20 – No R – Sighted
S2 43, M 20/20 – No R – Sighted
S3 51, F 20/20 – No R – Sighted
S4 24, M 20/20 – No R – Sighted
S5 30, M 20/20 – No R – Sighted
S6 34, F 20/20 – No R – Sighted
S7 40, F 20/20 – No R – Sighted
S8 57, F 20/20 – No R – Sighted
S9 66, M 20/20 – No R – Sighted
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under computer control using a text-to-speech function. These
instructions also indicated when subjects should move from one
tactile element to another in a column; the auditory instructions
were presented during both rest and active blocks. Participants
did not report their answers during scanning. All subjects were
asked to keep their eyes open while wearing a light-excluding
eye mask (made of black molded cell foam and nylon interlock fab-
ric with a contoured rim) throughout the task. This ‘‘eyes-open-in-
darkness’’ condition was found to minimize visual cortex activity
due to imagination and multisensory activity (Marx et al., 2004).
Both the scanner and scanner room lights were turned off. All com-
pleted a training session prior to entering the scanner and com-
pleted a verbal survey about their performance following the
scans to ensure that the task was completed properly.
2.3. Image acquisition
MR images were acquired in a 3 Tesla Siemens scanner, MAG-
NETOM Trio with TIM, using a 12-channel Matrix head array coil.
Anatomical images were obtained using a T1-weighted sequence
(MPRAGE) with TR/TE/ﬂip angle/slice thickness = 1.95 s/2.26 ms/
9/1.2 mm for sighted subjects, and TR/TE/ﬂip angle/slice thick-
ness = 2.3 s/2.98 ms/9/1.0 mm for RP subjects. Functional images
with blood oxygenation level-dependent (BOLD) contrast were
acquired using a T2⁄ weighted echo-planar imaging (EPI) sequence
with TR/TE/ﬂip angle = 2 s/25 ms/60 and Prospective Acquisition
Correction (PACE). 36 slices with isotropic voxels of
3  3  3 mm3 were axially oriented and covered the entire cere-
bral cortex except for the tip of the temporal lobe for some sub-
jects. Subjects laid head ﬁrst and supine in the scanner. Foam
padding was placed around the head to minimize movement dur-
ing scanning, while earplugs and sound-attenuating headphones
were provided to dampen scanner noise.
2.4. Characterization of vision loss
Two measures were used to deﬁne each subject’s level of vision
loss: visual acuity and preserved visual ﬁeld in V1.
Visual acuities were measured using a Snellen eye chart, where
subjects were asked to stand 20 feet away from the chart and read
each line with both eyes open and without any corrective lenses.The smallest best read line was considered to be their OU visual
acuity. This fractional Snellen value was then converted to logMAR
for analysis purposes.
Preserved visual ﬁeld was quantiﬁed in terms of the fractional
areal size of a subject’s preserved visual ﬁeld as projected to V1
cortex and is referred to as the ‘‘preserved visual ﬁeld in V1’’. Since
we were unable to perform functional retinotopic mapping with
our RP subjects, the amount of preserved visual ﬁeld in V1 was
estimated by mapping subjects’ visual ﬁeld to a commonly used
model of V1 based on macaque monkey data (Daniel &
Whitteridge, 1961; Schira et al., 2010). The interspecies difference
is largely irrelevant for our purpose. Goldmann visual ﬁeld maps
were determined based on subject responses to a 15 dB, 64 mm2
light stimulus. The maps were transferred to ImageJ, where each
image pixel within the sighted regions of the visual ﬁeld was iso-
lated (see Fig. 1 for illustrations of Goldmann visual ﬁeld results).
We then found the eccentricity value for each pixel and its corre-
sponding areal cortical magniﬁcation factor, according to the fol-
lowing equation described by Motter (2009):
Ma ¼ 100ð0:8þwÞ2:0 ð1Þ
where w is the eccentricity in degrees and magniﬁcation (Ma) is in
square millimeters of cortex per square degree of visual ﬁeld. Appli-
cation of Ma according to Eq. (2) yielded each pixel’s V1 cortical
area:
Ac ¼ Ma  Ap ð2Þ
where Ac is the cortical area for a single pixel and Ap is the area of a
single pixel as determined in ImageJ. The cortical area of all pixels
within a sighted region were then summed to give the total V1 cor-
tical area corresponding to the sighted region of each subject’s
visual ﬁeld (one areal value was obtained for each eye). To minimize
interspecies difference, the total area derived from the macaque
model was divided by the maximum of 2171.3 mm2 such that a
subject with normal visual ﬁeld corresponds to a fractional V1 area
of 1.0 (the maximum area was derived from the typical spatial
extent of a nominal human visual ﬁeld, as described by Walker,
Hall, & Hurst, 1990). The total fractional V1 area of preserved visual
ﬁeld reported here are averages of values for both eyes for each
subject.
V1 BOLD Response to Tactile Stimuli
Subject
Goldmann Visual Field Shapes Task Braille-Dot Counting Task Sandpaper Task
Tactile-Evoked Visual Cortex Responses
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Fig. 1. V1 BOLD responses to the three tactile tasks in four representative RP subjects and two sighted control subjects. Signiﬁcant responses (FDR < 0.05) were color-coded,
with warm colors denoting increases in BOLD responses relative to rest. For each subject, the response patterns were projected onto an inﬂated representation of the occipital
lobe; the outer white line represents the assumed V1/V2 boundary while the center white line represents the calcarine sulcus (CAS). Goldmann visual ﬁeld results for both
eyes (right eye on right) are presented in the ﬁrst column and represent the subject’s visual ﬁeld loss (black) and preserved ﬁeld (white).
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Image data was analyzed using BrainVoyager QX (Goebel,
Esposito, & Formisano, 2006) in subjects’ native space (as opposed
to normalizing to a standard space). Anatomical data underwent
inhomogeneity correction and were reoriented via rigid-body rota-
tion and translation to place the origin at the Anterior Commissure
and the Posterior Commissure on the y-axis. All functional data
was preprocessed with 3D motion correction (PACE and post
hoc), slice timing correction, and temporal ﬁltering. In cases of
excessive head movement, which occurred in 3 RP subjects and 1
sighted subject, volumes in which a subject exhibited movement
greater than 0.6 mm or deg of motion (based on online PACE esti-
mation) and the corresponding entries in the design matrix were
excluded from the analysis. Spatial smoothing was not applied to
the functional data.
Whole-brain voxel-wise BOLD modulation was obtained by
estimating the signal level during the active blocks with respect
to that during the resting blocks using a general linear model(GLM), with head-motion parameters as covariates. For each sub-
ject, individual functional data sets of each run were concatenated
after normalization (z-transform). Signiﬁcant voxel-wise activa-
tions were identiﬁed at false discovery rates (FDR) less than 0.05
with a cluster threshold of 25 mm2. The activation maps displayed
in Fig. 1 for each subject were constructed by projecting the GLM
contrast (t statistics) obtained from voxels on the cortex onto the
reconstructed and inﬂated cortical surface meshes of the subject.
Putative primary visual cortex (V1) was identiﬁed anatomically
for each subject, consisting of both banks of the calcarine ﬁssure,
the parietal–occipital ﬁssure, and the posterior end of the calcarine
sulcus (Hinds et al., 2009). We calculated, for each subject, two
complimentary measures (extent and strength) of the unsigned
cross-modal response. The areal extent of cross-modal activation
in the primary visual cortex was deﬁned as the percentage of sig-
niﬁcantly modulated voxels on the cortex within the V1 region of
interest (ROI), while the strength of the response was calculated
as the mean absolute parameter estimate (beta value) of the
responding voxels within the V1 ROI. Mean absolute beta value
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Fig. 2. Extent and strength of tactile-evoked responses in V1. (A) The extent of tactile-evoked BOLD responses in V1, measured in terms of the percentage of modulated voxels
(FDR < 0.05) in V1 for each subject and each task. RP subjects are ranked along the x-axis in descending order of severity of visual ﬁeld loss. Sighted controls are grouped
against a gray background. (B) The strength of tactile-evoked BOLD responses in V1, measured in terms of mean absolute beta value of the signiﬁcantly modulated V1 voxels
for each subject and each task. (C) Boxplots illustrating the distributions of the areal percentage (top) and mean absolute beta value (bottom) of modulated V1 voxels in RP
and sighted control groups across all tasks. The red line indicates the median within each group, the edges of the boxes indicate the 25th and 75th percentiles, and the
whiskers illustrate the extreme datapoints, excluding outliers (red data points). (D) Example stimuli of the three tactile tasks, with shapes in red, Braille in green, and
sandpaper in blue.
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as tactile stimulation was found to evoke both negative and posi-
tive activities. These measures jointly provide a comprehensive
characterization of the tactile-evoked BOLD response, including
in subjects whose responses were spatially extensive but weakly
modulated and those with both strong positive and negative mod-
ulations. ANOVA, multiple regression, and a linear mixed effects
model (described in Section 2.6) were used to identify statistically
signiﬁcant relationships (a = 0.05) between these dependent mea-
sures and the two measures of a subject’s visual function (acuity
and preserved visual ﬁeld area in V1) across the three tasks.
Putative primary somatosensory cortex (S1) was also identiﬁed
anatomically for each subject, extending from the middle of the
central sulcus to the peak of the postcentral gyrus, and extendingfrom the medial longitudinal ﬁssure to the lateral sulcus. The per-
centage of modulated voxels and mean absolute beta value of
those voxels were similarly calculated within the S1 ROI.
2.6. Statistical analysis
A linear mixed effects model was used to analyze the relation-
ship between vision loss and V1 tactile-evoked responses across
tasks (dependent variable: extent or strength; covariate: fractional
preserved visual ﬁeld in V1 or visual acuity; repeated variable/fac-
tor: Task – Shapes, Braille, and Sandpaper). The factor and covari-
ate were entered into the model as ﬁxed effects without any
interaction term. We assumed an unstructured covariance pattern.
The same linear mixed effects model was also used to determine
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responses in S1.
To determine the relationship between vision loss and the V1
response when controlling for the inﬂuence of S1, a combined lin-
ear regression and linear mixed effects analysis was used to com-
pute a pseudo-partial correlation. Speciﬁcally, S1 responses were
controlled as a contributing factor in order to study the relation-
ship between vision loss and V1 responses, while appropriately
combining the effects across the three tasks that were run for each
subject. For example, the following steps were used to study the
between-subjects relationship between strength of the response
in V1 and visual acuity, while controlling for strength and extent
of the response in S1 (‘‘partialling out’’ the S1 responses). First,
for each task, separate linear regression models were ﬁtted to the
subjects’ response strength in V1 and visual acuity with response
strength and extent in S1 as the regressors. This was done in order
to estimate the residuals of the V1 response and visual acuity after
accounting for variation in S1 responses across subjects. For a given
task, the correlation between these residuals would thus be the
partial correlation between V1 response strength and visual acuity
across subjects, controlling for S1 responses (strength and extent).
A mixed effect model was then used to combine these partial cor-
relations across tasks, resulting in a pseudo-partial correlation.
Speciﬁcally, to calculate the pseudo-partial correlation between
V1 response strength and visual acuity while controlling for S1
responses, the residuals from the aforementioned linear regression
model for each task were modeled together using a mixed effects
linear regression of the V1 residuals on the visual acuity residuals.
The subject variable was modeled as a random intercept and the
task variable was modeled as a ﬁxed effect on slope, with the
assumption that the covariance structure between the subject
and task follows a compound symmetry structure (exchangeable).3. Results
3.1. Extent and strength of V1 BOLD responses to tactile stimulation in
RP and sighted subjects
A summary of responses elicited with tactile stimulation is pre-
sented on an inﬂated cortical surface of V1 for four representative
RP subjects and two representative sighted subjects (Fig. 1). Indi-
viduals exhibited a range of vision loss (Table 1), which allowed
us to partially account for the inter-subject variability of V1
responses to the tactile tasks.
For each subject, V1 BOLD responses were ﬁrst quantiﬁed in
terms of cortical extent, which was calculated as the percentage
of voxels in V1 signiﬁcantly modulated by the tactile stimuli during
each task. A large degree of variability was found in the extent of
tactile-evoked V1 responses among RP subjects [M = 31.63%,
SD = 19.25%] (Fig. 2). A repeated measures ANOVA (between-sub-
jects factor: Visual Ability – Blind, Low Vision, and Sighted;
within-subject factor: Task – Shapes, Braille, Sandpaper) revealed
a highly signiﬁcant effect of visual ability, coarsely categorized into
the three levels, on extent of the tactile-evoked BOLD response in
V1 [F(2,14) = 16.758, p < 0.0001]. The spatial spread of the modu-
lated voxels increased signiﬁcantly with the severity of vision loss
(Fig. 1). The effect size was 0.705 (partial Eta Squared), and post
hoc analyses (Tukey) showed that this effect of vision ability on
extent of the BOLD response was present between the Blind and
Sighted groups [p < 0.0001], Blind and Low Vision groups
[p = 0.017], and Low Vision and Sighted groups [p = 0.047]. An
effect of task was also found on the extent of V1 BOLD activity
[F(2,28) = 4.116, p = 0.027], where the Sandpaper task seemed to
elicit the strongest response; interactions between visual ability
and task were not signiﬁcant [p = 0.189]. Levene’s test for equalityof variances demonstrated equal variance between the Blind and
Low Vision groups for all tasks.
Tactile-evoked V1 BOLD responses were further quantiﬁed in
terms of the strength of the response, measured using the mean
absolute beta value for each subject during each task (Fig. 2). The
absolute beta value was used in order to include all instances of
cross-modal response, as tactile stimulation was found to evoke
both negative and positive activities (for 1 sighted and 5 RP sub-
jects, at least 50% of the V1 voxels were signiﬁcantly suppressed
during tactile stimulation). A large degree of variability was found
in the strength of V1 BOLD responses among RP subjects (in units
of parameter estimate) [M = 3.41, SD = 0.63] (Fig. 2). A repeated
measures ANOVA did not reveal any signiﬁcant effect of visual abil-
ity (Blind, Low Vision, and Sighted) on strength of the tactile-
evoked BOLD response in V1 (p = 0.093, Fig. 1). Similarly, no signif-
icant effect of task was found [p = 0.547] and interactions between
vision level and task were not signiﬁcant [p = 0.562].
Several studies have suggested that early blind individuals use
the occipital cortex for language processing, resulting in visual cor-
tex responses to reading Braille (Amedi et al., 2003; Bedny et al.,
2012; Watkins et al., 2012). We asked if our late-blind RP subjects’
ability to read Braille had a signiﬁcant effect on V1 responses during
the Braille task. For RP subjects only, repeated measures ANOVA
(between-subjects factor: Braille and non-Braille reader; within-
subjects factor: Task – Shapes, Braille, and Sandpaper) revealed a
signiﬁcant effect [F(1,6) = 26.988, p = 0.002] of an ability to read
Braille on extent of the V1 response (but not strength, p = 0.291),
where Braille readers exhibited more extensive responses. How-
ever, there was no interaction between the ability to read Braille
and task [p > 0.10]. In other words, the effect of Braille reading abil-
ity was not more pronounced during the Braille task.
3.2. Relationship between cross-modal V1 BOLD responses and degree
of preserved visual functions
The effect of vision loss on the BOLD response to tactile stimu-
lation was characterized in greater detail by comparing activity in
V1 to each subject’s preserved visual functions, quantiﬁed in terms
of acuity and the fractional area of V1 cortex that corresponded to
the preserved visual ﬁeld (as described in Section 2.4). A linear
mixed effects model was used to analyze the relationship between
a measure of visual function (visual acuity or preserved visual ﬁeld
in V1) and a measure of V1 tactile-evoked responses (extent or
strength), with task as a random effect (see Section 2.6). Visual
inspection of residual plots for RP subjects alone did not reveal
any obvious deviations from homoscedasticity and a Shapiro–Wilk
test conﬁrmed normality of the data [p’s > 0.10]. The modeled
effects of visual function on V1 response are shown for RP subjects
alone (Fig. 3 bold lines), as well as for RP and sighted subjects com-
bined (Fig. 3 dashed lines).
When the analysis was restricted to just the nine RP subjects, we
found that visual acuity signiﬁcantly affected the extent of V1
responses ([Parameter estimate b(d.f. = 8.085) = 8.992, SE = ±2.983,
p = 0.017], Fig. 3B). A trending effect of preserved visual ﬁeld in V1
was found on the cortical extent of tactile-evoked responses in V1
([b(d.f. = 6.930) = 27.710, SE = ±11.904, p = 0.053], Fig. 3A). No
effect of visual acuity or fractional preserved visual ﬁeld in V1 was
found on the strength of V1 responses [p’s > 0.07] (Fig. 3C and D).
When sighted subjects were included in the model, visual acu-
ity and preserved visual ﬁeld in V1 had a highly signiﬁcant effect
on extent of the V1 response (visual acuity:
[b(d.f. = 17.269) = 12.154, SE = ±2.349, p < 0.0001], Fig. 3B; pre-
served visual ﬁeld: [b(d.f. = 16.339) = 28.720, SE = ±5.421,
p < 0.0001], Fig. 3A). The effect of visual acuity on the strength of
the response was also signiﬁcant ([b(d.f. = 17.575) = 0.209,
SE = ±0.091, p = 0.034], Fig. 3D), while the effect of preserved visual
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Fig. 3. Predictive margins from a linear mixed effects model relating visual function to tactile-evoked responses in V1. For each plot, the lines indicate the marginalized
predicted (ﬁxed) effect of preserved visual ﬁeld (left panels) or visual acuity (right panels) by the linear mixed effects model. The observed data (for each subject and task) are
overlaid. The dashed lines illustrate marginalized effects among RP subjects only (‘‘RP’’), while solid lines illustrate marginalized effects among RP and sighted subjects
combined (‘‘All’’). Statistics (p-values) above and below the lines correspond to dashed and solid lines, respectively, and indicate signiﬁcance of the effect of visual function on
the V1 response based on the mixed effects model. Sighted control subjects have by deﬁnition a fractional preserved visual ﬁeld in V1 of 1 and average acuity of 0 logMAR, but
are plotted separately (open symbols) from patient data, highlighted in gray and spread out horizontally for visualization. (A) Percentage of tactile-modulated voxels in V1
(extent) versus fractional preserved visual ﬁeld in V1. Fractional preserved visual ﬁeld in V1 was determined by calculating the areal cortical magniﬁcation factor for spared
regions of the visual ﬁeld. This value was then normalized by the total V1 area. (B) Percentage of modulated voxels in V1 versus visual acuity (logMAR) (subjects RP1 and RP3
were assigned a visual acuity of logMAR = 3 for analysis purposes, as these subjects had minimal light perception only, and their acuity could not be measured). (C) Mean
absolute tactile-evoked BOLD modulation amplitude (strength) of modulated V1 voxels versus fractional preserved visual ﬁeld in V1. (D) Mean absolute BOLD amplitude of
modulated V1 voxels versus visual acuity.
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[p = 0.263, Fig. 3C].
A previous tactile study by Merabet et al. (2008) found a corre-
lation between the duration of vision deprivation and cross-modal
responses in the occipital cortex. However, a linear mixed effects
model (using years since onset of blindness as a covariate) revealed
no signiﬁcant effect of duration of blindness on either the extent or
strength of the cross-modal V1 BOLD response in RP subjects
[p’s > 0.70].
3.3. Comparison of tactile-evoked BOLD responses in V1 and S1
The observation that V1 responded to tactile stimulation
prompted the question of whether S1 activity as a function of
vision loss, including variability due to a change in motor strategy
or tactile sensitivity, could be a source of the observed relationship
between V1 responses and vision loss. With early blind individuals,
repetitive TMS stimulation to S1 activated V1 (Wittenberg et al.,
2004). Similarly, an effective connectivity study by Fujii et al.
(2009) suggests that an indirect cortico-cortical feedback pathway
from S1 to V1 exists that is modulated by vision loss, resulting in
an expansion of tactile processing into visual areas.
We ﬁrst determined the effect of vision loss on tactile-evoked
BOLD responses in S1, similar to what we did with responses in
V1: a repeated measures ANOVA (between-subjects factor: Visual
Ability – Blind, Low Vision, and Sighted; within-subject factor:
Task – Shapes, Braille, Sandpaper) revealed no signiﬁcant effect
of visual ability on either the extent or the strength of tactile-
evoked S1 BOLD responses [p’s > 0.10] and no signiﬁcant effect of
task [p’s > 0.20] (Fig. 4). However, when visual ability was further
quantiﬁed in terms of preserved visual ﬁeld and visual acuity, a
signiﬁcant relationship was found between tactile-evoked
responses in S1 and vision loss. Among RP subjects only, a linear
mixed effects model found a signiﬁcant effect of preserved visual
ﬁeld in V1 on the extent and strength of the S1 response (extent:[b(d.f. = 7.000) = 21.430, SE = ±8.881, p = 0.047], Fig. 5A; strength:
[b(d.f. = 7.000) = 1.056, SE = ±0.304, p = 0.010], Fig. 5C). A signiﬁ-
cant effect of visual acuity was also found on the extent of the S1
response [b(d.f. = 7.000) = 6.145, SE = ±2.374, p = 0.036, Fig. 5B].
No effect of visual acuity was found on S1 response strength
[p = 0.256, Fig. 5D].
When sighted subjects were included in the mixed effects anal-
ysis, the effect of visual acuity and preserved visual ﬁeld in V1 on
the strength of S1 response was signiﬁcant [p’s < 0.03], while the
effect of visual acuity and visual ﬁeld on the extent of the S1
response did not reach signiﬁcance [p’s > 0.06]. This difference in
the effect of vision loss on S1 responses when compared to RP sub-
jects alone may be attributed to variability in S1 responses among
the sighted subjects (Fig. 4).
It is worth noting that vision loss was found to result in an
increased tactile-evoked response in V1 but a decrease in S1
response. This effect in S1 may suggest that individuals with
greater vision loss did not press as hard on the tactile elements
when compared to their sighted counterparts, possibly as a result
of increased tactile sensitivity with blindness (Goldreich &
Kanics, 2006). Given that different individuals may have employed
diverse tactile strategies when completing the tasks, it is conceiv-
able that these strategic differences could account for variation in
the V1 BOLD response. The tactile-evoked responses in S1 can be
seen as a proxy for tactile strategy differences across individuals.
However, the opposite effects of vision loss on the responses of
V1 and S1 suggest that the tactile-evoked activity in V1 is not a
direct consequence of S1 activity. Nevertheless, the two may still
be related in a way resembling the ﬁnding that reduced auditory
cortex activation was associated with increased auditory activity
in the occipital lobe in early blindness (Watkins et al., 2013).
We examined the effect of S1 activity on the relationship
between vision loss and the observed cross-modal responses in
V1. When we controlled for task-evoked responses (i.e. extent
and strength) in S1 across RP and sighted subjects, the (pseudo-
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Fig. 4. Extent and strength of tactile-evoked responses in S1. (A) The extent of tactile-evoked BOLD responses in S1, measured in terms of the percentage of modulated voxels
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Fig. 5. Predictive margins from a linear mixed effects model relating visual function to tactile-evoked responses in S1. For each plot, the lines indicate the marginalized
predicted (ﬁxed) effect of preserved visual ﬁeld (left panels) or visual acuity (right panels) by the linear mixed effects model. The observed data (for each subject and task) are
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are plotted separately (open symbols) from patient data and highlighted in gray for comparison. (A) Percentage of tactile-modulated voxels in S1 (extent) versus fractional
preserved visual ﬁeld in V1. (B) Percentage of modulated voxels in S1 versus visual acuity (logMAR) (subjects RP1 and RP3 were assigned a visual acuity of logMAR = 3 for
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Table 2
The effect of visual function (preserved visual ﬁeld in V1 or visual acuity) on V1 BOLD responses (extent or strength) with and without controlling for S1 BOLD responses (both
extent and strength of the tactile-evoked response in S1). The marginalized effect column was duplicated from the linear mixed effects model results shown in Fig. 3. The column
showing the effect when controlling for S1 responses represents the results of the pseudo-partial correlation between visual function and V1 BOLD responses, excluding the
inﬂuence of S1 responses (see Section 2.6). A: Results including both sighted and RP groups. B: Results including RP subjects only.
Effect of visual function on V1 responses (sighted and RP subjects) Marginalized effect Effect controlling for S1 responses
A.
V1 extent versus preserved visual ﬁeld p < 0.0001* p < 0.0001*
V1 extent versus visual acuity p < 0.0001* p < 0.0001*
V1 strength versus preserved visual ﬁeld p = 0.263 p = 0.015*
V1 strength versus visual acuity p = 0.034* p = 0.003*
Effect of visual function on V1 responses (RP subjects only) Marginalized effect Effect controlling for S1 responses
B.
V1 extent versus preserved visual ﬁeld p = 0.053 p = 0.072
V1 extent versus visual acuity p = 0.017* p < 0.0001*
V1 strength versus preserved visual ﬁeld p = 0.594 p = 0.317
V1 strength versus visual acuity p = 0.072 p = 0.008*
* Signiﬁcant relationships (p > 0.05).
S.I. Cunningham et al. / Vision Research 111 (2015) 197–207 205partial) correlations between visual function (indexed by either the
preserved visual ﬁeld in V1 or visual acuity) and the extent or
strength of tactile-evoked responses in V1 became stronger
(Table 2A) when compared to the effects of visual function on V1
responses found without controlling for responses in S1. Among
RP subjects only, controlling for the extent and strength of the S1
responses also resulted in a more signiﬁcant pseudo-partial corre-
lation between visual acuity and the extent and strength of the V1
BOLD response when compared to results not controlling for the S1
responses (Table 2B). These ﬁndings suggest that S1 activity could
not explain the observed relationship between cross-modal
responses in V1 and vision loss.4. Discussion
Individuals with retinitis pigmentosa are the target population
for recent sight restoration technologies, including retinal implants
and gene therapies. We focused solely on RP patients in the current
study in order to build a foundation for future studies that investi-
gate the cortical effects of sight-restoration treatments in RP
patients. Previous studies, using a diverse subject population, have
demonstrated that the visual cortex becomes responsive to tactile
input with vision loss (Amedi et al., 2003; Buchel et al., 1998;
Burton, 2003; Cheung et al., 2009; Merabet et al., 2007, 2008;
Ptito et al., 2005; Sadato et al., 1996, 2004; Sathian, 2005). Here,
we sought to expand upon these ﬁndings by determining if a rela-
tionship exists between severity of vision loss and the extent and
strength of tactile-evoked V1 responses in late-blind individuals
with RP. Our results indicate that a signiﬁcant correlation indeed
exists between the degree of vision loss and amount of cross-
modal modulation: as visual acuity and preserved visual ﬁeld
decrease, V1 becomes more responsive to tactile stimulation.
We found that the pseudo-partial correlation between tactile-
evoked responses in V1 and visual function (preserved visual ﬁeld
in V1 and visual acuity) across subjects became even stronger after
we had controlled for tactile-evoked responses in S1. This suggests
that the relationship between V1 tactile-evoked responses and
vision loss is partially masked by variations in S1 activity. Several
factors may result in a variable S1 response, including differences
in subject tactile exploration strategies and subject differences in
sensitivity to tactile elements; these tactile strategy and sensitivity
differences may be especially pronounced between sighted and
blind subjects. Removing these variances thus increases the associ-
ation between vision loss and V1 cross-modal activity.
Several theories exist as to the cause of these cross-modal acti-
vations. Merabet et al. (2008) suggest that preexistingmultisensory pathways remain suppressed in sighted individuals
and are ‘‘unmasked’’ with vision deprivation. Others have endorsed
the notion that vision deprivation results in the creation of new
neural networks and sensory associations that support cross-
modal responses (Burton, 2003), while others suggest that the
occipital cortex may act as an operator of a function based on
the best-suited input available (Pascual-Leone & Hamilton, 2001).
However, recent studies on humans and primates have questioned
these functional claims and instead suggest that the observed acti-
vations may be unmasked feedback signals driven by task
demands that are otherwise suppressed in the presence of visual
inputs (Smirnakis et al., 2007; Wandell & Smirnakis, 2009). If tac-
tile-evoked responses in V1 are due to ‘‘unmasking’’ of otherwise
suppressed connections from S1, it is expected that the relation-
ship between task-evoked responses in S1 and V1 would be stron-
ger for individuals with more severe vision loss. We did not
observe this simple version of unmasking.
Overall, the observed cross-modal modulation is highly variable
across late-blind individuals. The degree of preserved visual func-
tions, particularly when expressed in terms of the fractional areal
size of the V1 cortex that corresponds to the preserved visual ﬁeld,
explains some of this variance. Other factors may include pre-
served visual functions beyond the ones we quantiﬁed, variations
in functional connectivity between visual and other cortical areas
(Fujii et al., 2009; Leo et al., 2012), differences in tactile sensitivity,
and unspeciﬁc individual differences.
No signiﬁcant effect of years since onset of blindness was found
on tactile-evoked responses in V1. This is counter to a ﬁnding of
Merabet et al. (2008), which suggests that visual cortex responses
to tactile stimulation become increasingly stronger over time after
the onset of vision deprivation. The number of subjects presented
in this study may not be sufﬁcient to observe this effect. Alterna-
tively, week-long vision deprivation may not be generalizable to
blindness. For RP subjects, whose photoreceptor layer deteriorates
at varying rates in different individuals, it may be the amount of
vision loss that has occurred over time—and not the duration of
vision deprivation—that affects cross-modal changes. Since the
pace of vision deterioration varies signiﬁcantly among RP patients,
years since onset of blindness may be insufﬁcient to infer the
degree of cross-modal modulation that has occurred.
5. Conclusions
In summary, the degree of vision loss was found to have a sig-
niﬁcant effect on tactile-evoked V1 BOLD responses in late-blind
individuals. Our ﬁndings indicate that while tactile-evoked V1
responses are variable among late-blind individuals and partially
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Fig. A1. S1 BOLD responses to the three tactile tasks in four representative RP subjects and two sighted control subjects. Signiﬁcant activations (FDR < 0.05) were color-coded,
with warm colors denoting increase in BOLD responses relative to rest. For each subject, the response patterns were projected onto a partially-inﬂated representation of the
cortex; the white-bolder regions represent S1, extending from the middle of the central sulcus to the peak of the postcentral gyrus. Goldmann visual ﬁeld results for both eyes
(right eye on right) are presented in the ﬁrst column and represent the subject’s visual ﬁeld loss (black) and sighted ﬁeld (white). Subject handedness is given in parentheses
in the ﬁrst column. All subjects used their dominant hand to complete the tasks (subject RP4, who is ambidextrous, used his left hand to complete the tasks).
206 S.I. Cunningham et al. / Vision Research 111 (2015) 197–207depend upon the type of tactile task being performed, the correla-
tion between tactile responses in V1 and vision loss is reliable
across subjects, particularly after controlling for tactile-evoked S1
responses. Cross-modal modulation may be a useful biomarker
for assessing progress and identifying bottlenecks in different
visual areas following sight restoration treatments. In particular,
if pre-treatment cross-modal responses are found to correlate with
an individual’s ability to adapt to sight restoration treatments, such
a biomarker—relating vision loss to tactile-evoked responses—
could be used to predict how a late-blind RP patient will respond
to treatment given their severity of blindness.Acknowledgments
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